Abstract: Optimal plant density is required to improve plant phenological traits and maximize seed yield in field crops. In this study, we determined the effect of plant density on duration of flowering, post-flowering phase, and seed yield of canola in diverse environments. The field study was conducted at 16 site-years across the major canola growing area of western Canada from 2010 to 2012. The cultivar InVigor® 5440, a glufosinate-resistant hybrid, was grown at five plant densities (20, 40, 60, 80, and 100 plants m −2 ) in a randomized complete block design with four replicates. Canola seed yield had a linear relationship with plant density at 8 of the 16 site-years, a quadratic relationship at 4 site-years, and there was no correlation between the two variables in the remaining 4 site-years. At site-years with low to medium productivity, canola seed yield increased by 10.2 to 14.7 kg ha −1 for every additional plant per square metre. Averaged across the 16 diverse environments, canola plants spent an average of 22% of their life cycle flowering and another 27% of the time filling seed post-flowering. Canola seed yield had a negative association with duration of flowering and a positive association with the days post-flowering but was not associated with number of days to maturity. The post-flowering period was 12.7, 14.7, and 12.6 d (or 55, 68, and 58%) longer in high-yield experiments than in low-yield experiments in 2010, 2011, and 2012, respectively. We conclude that optimization of plant density for canola seed yield varies with environment and that a longer post-flowering period is critical for increasing canola yield in western Canada.
Introduction
Canola (Brassica napus, Brassica rapa) is a major oilseed crop in the world, and canola oil is used not only for salad oil and frying but also in the development of margarines, shortenings, and other food products (de Oliveira et al. 2015) . On the Canadian prairies, the production of canola has increased dramatically over the past two decades. In 1990, approximately 2.5 million ha of canola was seeded with total production of 3.26 million tonnes; by 2012, the area seeded to canola increased three fold with the production of 13.3 million tonnes annually (AAFC 2015) . The trend continues and it is estimated that western Canadian canola production will reach 25 million tonnes by 2025, an increase of 20% from 2012.
Producers on the prairies often experience poor canola stand establishment. Low plant stand decreases the competitiveness of crop plants with weeds (McDonald et al. 2007) , thus lowering crop yield (Beckie et al. 2008) . Smaller plants or late-emerged branches on plants in poor stands often are less tolerate to heat and drought during the bud and flowering stages (ul Haq et al. 2014) . Poor seedling emergence and less competitive plant stand can be caused by many factors, such as seed size (Harker et al. 2015a ) and seed vigour (Noori et al. 2007; Buckley et al. 2013) , inadequate seedbed moisture (Rasheed et al. 2014) , improper sowing technique (Kamiab et al. 2010) , soil crusting (Tolon-Becerra et al. 2011) , uneven seeding depth (Bullied et al. 2012; El Aou-ouad et al. 2014) , late spring frost (Fisichelli et al. 2014) , and other climatic factors (Gan et al. 2007; Kutcher et al. 2010; Harker et al. 2012) . However, the impact of plant establishment on duration of flowering and post-flowering period, key factors affecting canola seed set and seed yield, is unknown. In theory, a spotty or lower than recommended canola plant population may be corrected by reseeding the crop. However, reseeded canola delays the date of seedling emergence and increases the risk of drought and heat stresses during the summer when canola is flowering Gan et al. 2004; Liu et al. 2014) .
From an economic point of view, it is critical to determine optimal canola plant stand for maximum seed yield, while minimizing the quantity of seed to be used per unit area. Current hybrid canola seed price in western Canada is as high as $16 per kg or approximately $120 ha −1 , a significant cost for canola growers. Seedling emergence rates vary between 25 and 75%, with an average of approximately 60% . There is huge room to improve seedling emergence thus reduce the production cost. With those issues in mind, we conducted a comprehensive field experiment at 16 site-years across the major canola growing areas of western Canada (Table 1) . Our objectives were to determine (i) the variation of canola seed yield in response to changes in plant density across diverse environments, and (ii) the effect of plant density on the duration of flowering and the length of the post-flowering phase, which are closely associated with pod set and seed fill. The central hypothesis was that suboptimal canola stands may increase the duration of flowering, decrease the length of post-flowering phase, delay pod maturation, and thus decrease seed yield. The latter response may interact with growingseason environmental conditions.
Materials and Methods
The experiment was carried out at 16 site-years in 2010, 2011, and 2012 (Table 1) , including Carman, Manitoba; Lacombe, Alberta; Melfort and Swift Current, Saskatchewan, in each of the 3 yr; Brandon, Manitoba, in 2010; Indian Head, Saskatchewan, in 2012; and Morden, Manitoba, in 2011 and . Detailed soil properties were measured at each site-year, including soil residual fertility, soil texture, pH, and organic matter (Table 1) .
Experimental design and plot management
At each site-year, five plant densities (20, 40, 60, 80 , and 100 plants m −2 ) were arranged in a randomized complete block design with four replicates. The plot size varied from 4 m × 8 m to 3.66 m × 15.85 m, and row space from 15.2 cm at Carman to 30.5 cm at Lacombe, depending on the drill available at each site-year (Table 2) . One source of the cultivar InVigor® 5440, a glufosinateresistant hybrid with a seed weight of 4.8 g per 1000 seeds, was used at all site-years. Seeding was completed during the first to third week of May with the exception of Melfort in 2012 (30 May) ( Table 2 ). The seeding rates were calculated on the basis of seed size, germination rate, and an estimated field emergence rate to achieve target plant densities. Urea or ammonium nitrate (N) and monoammonium phosphate (P) fertilizers were side-banded 3 cm deep and 4 cm away from the seed. The amounts of N fertilizer applied to the crop varied at each site (Table 2) ; this was based on (i) residual fertility and (ii) the anticipated crop yield for the required amount of nutrients at each site. For example, historically the Lacombe site has high to very high canola seed yield, which requires a high N supply to satisfy the plant N requirement for the anticipated yield. By contrast, the Swift Current site usually has low to very low canola seed yield, thus a low N supply is used to satisfy the plant N requirement for the anticipated yield to minimize wasted N (or leached if excess N was applied). Pre-seed glyphosate was applied at the recommended rate to the entire plot area, and in-crop herbicides and fungicides were applied as required. A mild spring frost occurred about two weeks after initial seedling emergence at Swift Current, Melfort, and Indian Head in 2012. However, plants were not damaged and yield did not noticeably differ than normal.
Sampling and data collection
Three weeks after initial seedling emergence, plant density was counted and recorded from 1 m of two rows at two spots within each plot. Percent emergence was calculated and expressed as number of plants emerged divided by number of seeds planted, per unit area. Overall, the actual percent plant emergence closely matched the target plant density at each site-year, and the emergence data were discussed in a previous report (Yang et al. 2014) .
Plant growth stages and the detailed plant phenological traits were recorded at each site-year. The beginning of flowering was defined as the date when flowers appeared on 5% of the plants in a plot, and the end of flowering as the date when 95% of the plants in a plot completed flowering. The period from the beginning to the end of flowering was defined as the "duration of flowering." In addition, the post-flowering period was recorded, which was the duration from the end of flowering to pod maturity because this period is critical for seed filling and seed weight (Angadi et al. 2003) . Under field conditions, when 50 to 60% of the pods on a canola plant turn brown the crop is usually swathed to facilitate dry-down for combining (Anonymous 2011 ). In the present study, we defined pod maturity as the time when 60% of the pods in a plot had turned brown, and plots were swathed. About 7-10 d after swathing, dry-down was sufficient to allow the wind-rows to be harvested using plot combines, and seed was cleaned and weighed. The date of harvest varied from 11 August at Carman in 2011 to 1 October at Lacombe in 2010 (Table 2) . Precipitation and temperature data for each growing season (1 May to 31 August) were obtained from nearby Environment Canada weather stations.
Data analysis
Data were analysed using the mixed model of SAS (Littell et al. 2006) . Preliminary ANOVA across the 16 site-years showed a significant treatment by site-year interaction for most of the variables evaluated, thus, separate analyses were conducted for each site-year. For variables that showed similar treatment effect in a number of site-years, the Nonmetric Multidimensional Scaling (NMS) test was used to group site-years with different treatment effects. As a result of the NMS test, Lacombe 2010, Lacombe 2011, Lacombe 2012, Melfort 2010, and Melfort 2011 were grouped as high-yield sites; Carmon 2011, Indian Head 2012, and Melfort 2012 were grouped as medium-yield sites; and the remaining 8 site-years were grouped as low-yield sites. The NMS test showed significant treatment effects among groups (P = 0.032), necessitating grouping to simplify analyses.
Furthermore, linear and quadratic regression analyses were used to test the relationship between seed yield and N availability (residual soil N plus fertilizer N), plant density, post-flowering duration, and between days to maturity and plant density. In all analyses, a threshold of α = 5% was used to reject or accept the null hypothesis.
Results and Discussion
Seed yield and plant density Preliminary analyses revealed a significant treatment by site-year interaction for the effect of plant density on canola seed yield, indicating that the response of seed yield to plant stands varies significantly from siteyear to site-year. Therefore, detailed linear and quadratic analyses were conducted to determine the relationship between the two variables for each of the 16 site-years ( Fig. 1) . Among the five high-yield site-years (average seed yield of 3780 kg ha −1 ), the relationship between seed yield and plant density was quadratic at Melfort in 2010, but linear in 2011, and there was no relationship Fig. 1 . The linear (y = a + bX) or quadratic (y = a + bX + cX 2 ) relationship between seed yield (y) and plant density (X) of canola at 16 site-years in western Canada, with dark grey-background subpanels representing high-yield (average 3780 kg ha −1 ) sites, bluebackground (Note: appears as light grey in the print issue) subpanels representing medium-yield (average 2024 kg ha −1 ) sites, and the remaining subpanels representing low-yield (average 1763 kg ha −1 ) sites. Bars at each point depict standard error of the mean (n = 4). *, P < 0.05; **, P < 0.01. [Colour online.] for the three Lacombe site-years (grey-background subpanels of Fig. 1 ). At the Lacombe site, percent seedling emergence was greater than the estimated field emergence rate, with the number of established plants m The consistently high canola yields at Lacombe were partly due to high fertility, both residual nutrients (Table 1) and added fertilizer (Table 2) . Also, cool temperatures in the early spring coupled with adequate precipitation that was well distributed over the key growth period contributed to the high canola yield (Harker et al. 2015b) . Our results suggest that at high-yield sites, nutrient availability plays a more significant role in affecting canola yield than plant density, and that optimizing nutrient supply may overcome the disadvantages associated with low plant establishment. It is possible that the effect of plant density on seed yield at the high-yield sites might have been masked by the effect of high nutrient availability. It is unfortunate that with the current experimental design, we are unable to determine the interactive effect of soil fertility and plant density on seed yield. We employed a best crop management strategy for plant nutrients in the present study, where the total nutrient supply (i.e., residual soil nutrients plus fertilizers) required for optimal growth was determined on the basis of soil test and anticipated seed yield in accordance with historical yield records. Among the medium-yield site-years (average seed yield of 2024 kg ha −1 ), a highly significant linear relationship was detected between seed yield and plant density in two of the three site-years (blue-background subpanels of Fig. 1 ). Canola seed yield increased by 12.3 to 14.7 kg ha −1
for every additional plant per square metre. The remaining eight of the 16 site-years were considered low-yield (average 1763 kg ha −1 ). Among these sites, a significant linear relationship was observed at five site-years and a significant quadratic relationship at the remaining three site-years. At Carman in 2010, seed yield increased by as much as 39 kg ha −1 with each additional plant per square metre, while at the other site-years, average seed yield increased by less than 10 kg ha −1 with each additional plant per square metre. Overall, canola seed yield increased with increased plant density at 75% of the site-years. Across the 16 siteyears, there was a significant, positive relationship between seed yield and N availability (residual soil N plus fertilizer N) and the relationship interacted with plant density at each site (Fig. 2) . Over a given range of N, increased plant density increased seed yields at most site-years ( Figs. 1 and 2 ), but it was apparent that soil nutrient availability had a major effect on seed yield (Fig. 2) . High nutrient supply at high-yield sites ensured great plasticity of canola plants. Due to high plasticity, plants in a low-density stand compensated by producing many branches and fertile pods per plant. High plant density usually exacerbates interplant competition for resources (Antonietta et al. 2014) . At high-yield sites, adequate to excessive fertility may have limited interplant competition for nutrients. Previous studies have shown that with high soil fertility, canola plants typically branch vigorously (Harker et al. 2015a) , with more fertile pods produced per plant (Yang et al. 2014 ). In contrast, strong plant plasticity was not observed at sites with moderate or low soil fertility (Tables 1 and 2 ). With limited soil nutrients coupled with drought and heat stresses typical at Swift Current, the production of branches and fertile pods per unit area may be limited (Gan et al. 2007; Yang et al. 2014) .
From an ecological view point, the performance of individual plants within a plant community largely depends on the level of competition for resources among neighbouring plants (Lithourgidis et al. 2011) . When resources are limited or when the individuals are unevenly distributed within a low-density plant stand, interplant competition for available resources can be severe as the number and size of nearby plants increase (Baumann et al. 2002) . Canola plant performance is a function of available resources (Gan et al. 2012) . Individual plants in a low-density stand likely share a greater amount of resources such as light (Sunil et al. 2013) , water, and nutrients (Jamont et al. 2013) , than those within a high-density stand.
Seed yield and flowering characteristics
Averaged across the 16 diverse environments, canola matured in the range of 82 to 122 d depending on siteyear. Canola plants spent an average of 22% of their life cycle in flower, and another 27% of the time filling seed post-flowering. Regression analyses revealed that seed yield was negatively associated with duration of flowering (Fig. 3a , r 2 = 0.53, P < 0.05) and was positively associated with days post-flower (Fig. 3b , r 2 = 0.74, P < 0.01). Seed yield was not associated with the total number of days from seeding to maturity (data not shown).
A close examination of the inverse relationship between seed yield and duration of flowering revealed that this was partly due to plant density (Fig. 4a) . Duration of flowering was significantly longer for canola plants in low-density stands (e.g., 20 plants m ). This phenomenon held true regardless of the overall seed yield. We observed that canola plants in a low-density stand had more branches, with some of them emerging later in the flowering period. The initiation of flowering on the racemes at late-emerged branches was delayed, and those branches were still in the progress of flowering by the time the early-emerged branches had completed flowering.
In photoperiod-sensitive crops, such as soybean (Glycine max), prolonging photoperiod from flowering to maturity was reported to increase the number of seeds per unit area but delayed reproductive development (Mondal et al. 2013) . A longer photoperiod that persists throughout the pod-set period increases seed number (Kantolic and Slafer 2007) . In mungbean (Vigna radiata), high-yield genotypes have a higher ratio of productive flowers to total open flowers, thus greater pod-fertilization efficiency, than low-yield genotypes (Mondal et al. 2013) . In the present study, the duration of flowering was prolonged to a certain extent in low-density stands compared with high-density stands (Fig. 4a) . Prolonged flowering duration did not compensate for the yield loss in low-density stands.
In contrast, time from the end of flowering to pod maturation (i.e., post-flower) had a significantly positive impact on canola seed yield (Fig. 4b) . On average, the post-flower period was 12.7, 14.7, and 12.6 d (or 55, 68, and 58%, respectively) longer for high-yield canola than for low-yield canola in 2010, 2011, and 2012, respectively. Our results indicate that a longer period of time from the end of flowering to pod maturation is critical for increasing canola seed yield in western Canada. Longer postflower duration has been demonstrated to enhance the rate of photoassimilate remobilization from vegetative organs to the pods, significantly increasing harvest index Nevertheless, the positive impact of post-flower duration on seed yield suggests that canola seed yield can be increased by prolonging the duration of the later reproductive phase. The length of the post-flower phase can be increased at the expense of a reduction in the duration of the other growth phases without changing the duration of the plant life cycle (Gomez and Miralles 2011) . This suggests the possibility of manipulating the relative durations of the post-flower phase and the other growth phases such as the vegetative phase or the duration of flowering.
Maturity and plant density
The short-growing season in northern latitudes exerts pressure on crop maturity; delayed maturity often reduces crop yield or grain quality (Vera et al. 2007; Atis et al. 2013) . In the present study, the number of days to maturity ranged from 82 to 122 d, and there was a linear or quadratic relationship between maturity and plant stand across the 16 experimental site-years (Fig. 5) . Increased plant stand density resulted in fewer days to maturity; this effect was consistent across siteyears regardless of overall plant maturity being greater than 114 d (late maturity), between 93 and 97 d (medium maturity), or less than 85 d (early maturity) (Fig. 5a) . Similarly, the effect of plant stand on plant maturity was consistent across site-years regardless of the overall seed yield being high, medium, or low (Fig. 5b) .
Growing-season precipitation is a key factor that affects plant maturity and crop yield (Sprague et al. 2014; McCormick et al. 2015) . More available water postflower may increase seed yield but may decrease the weight of individual seeds (Feng et al. 2014 ). In the present study, precipitation varied among growing seasons (1 May-31 August) from an average of 213 ± 2.7 mm (dry) to 308 ± 2.8 mm (normal) to 418 ± 1.9 mm (wet). It was consistent that increased plant density shortened the days to maturity, and this was a linear or quadratic relationship regardless of the growing season precipitation (Fig. 5c ).
General discussion
Higher crop yield with increased plant density has been reported in many field crops, including cowpea (Vigna unguiculata L.) (El Naim and Jabereldar 2010), cotton (Gossypium hirsutum L.) (Feng et al. 2014) , maize (Zea mays) (Amanullah et al. 2009; Antonietta et al. 2014) , rapeseed (Brassica napus) (Wang et al. 2015) , and winter wheat (Triticum aestivium) (Dai et al. 2014) . In these crops, seed yield is usually associated with plant morphological and physiological traits, such as plant density. For example, in maize, silking and physiological maturity are delayed and grain yield maximized at high plant density (Antonietta et al. 2014) . In wheat, increased plant density improves nitrogen use efficiency through increased total root length density (Dai et al. 2014) . In cowpea, increased plant density resulted in increased seed yield per unit area, even though the number of pods per plant or harvest index was reduced (El Naim and Jabereldar 2010). The optimum plant density for a particular crop varies depending on many factors, such as crop type, cultivar, soil fertility, water availability, and environmental factors. In principle, optimum plant Fig. 5 . Linear or quadratic relationship between days to maturity and plant density for canola that was affected by the length of plant maturation (a; early, medium, and late maturing), in relation to overall seed yield (b; high-, medium-, and low-yield sites), and in relation to growing-season precipitation (c; wet, normal, and dry growing seasons) across the 16 soil-climatic sites in western Canada. Bars at each point depict standard error of the mean (n = 4 to 24, varying with the number of sites included in each panel). density for annual crops can be determined by modelling the canopies of growing plants, estimated maximal plant size at maturity, and intrinsic growth rate at different growth stages (Deng et al. 2012) . However, detailed growth measurements are required to validate the model. In canola, alternating wide rows with narrow rows in a field, compared with uniform row spacing, was reported to increase leaf area index and enhance photosynthetically active radiation and radiation use efficiency (Wang et al. 2015) . It is not known, however, whether this effect is directly related to plant density or due to improved radiation capture. For some herbicide-tolerant canola cultivars grown in highly fertile soils, row spacing is more important than plant density in affecting canola seed yield . However, it is unknown how plant density affects duration of flowering, postflower period, or days to maturity for canola grown in short-season northern latitudes. Our findings from diverse environments may start to fill this knowledge gap.
An added benefit of optimizing plant density is weed control. Integration of cultural and chemical methods for weed management practices is more profound and superior to the use of individual practices. Plant density is a key component in an integrated weed management program. In many situations, high plant density is demonstrated to provide substantial weed control (Beckie et al. 2008; Strydhorst et al. 2008) . In an organic oat (Avena sativa) cropping system, for example, the combination of competitive genotype, increased plant density, and post-emergence harrowing decreased weed biomass by 71% compared with standard practices (Benaragama and Shirtliffe 2013). In addition, optimum plant density is most economical in terms of net return due to optimized seed rate and increased yield (van Roekel and Coulter 2012) . However, the present study was not designed to assess the potential economic implications of canola plant density, and future research on this subject is warranted.
